Abstract -EPR transient nutation spectroscopy is used to measure the effective field (Rabi frequency) for multiphoton transitions in a two-level spin system bichromatically driven by a transverse microwave (MW) field and a longitudinal radio-frequency (RF) field. The behavior of the effective field amplitude is examined in the case of a relatively strong MW field, when the derivation of the effective Hamiltonian cannot be reduced to firstorder perturbation theory in ω 1 / ω rf ( ω 1 is the microwave Rabi frequency, ω rf is the RF frequency). Experimental results are consistently interpreted by taking into account the contributions of second and third order in ω 1 / ω rf evaluated by Krylov-Bogolyubov-Mitropolsky averaging. In the case of inhomogeneously broadened EPR line, the third-order correction modifies the nutation frequency, while the second-order correction gives rise to a change in the nutation amplitude due to a Bloch-Siegert shift.
INTRODUCTION
A subject of current interest is pulsed EPR studies of multiphoton processes in bichromatically driven twolevel spin systems [1] [2] [3] [4] [5] [6] . The two-level spin system driven by radio-frequency and microwave fields becomes a multilevel system. The significant frequency difference between the MW and RF components of the driving field ensures a high efficiency of multiphoton processes, and the behavior of the dynamic spin system can be controlled by varying the driving field parameters. On the one hand, the photon multiplicity of the processes becomes an adjustable parameter, and the coupling between the microwave field and the spin system can be weakened by varying the RF amplitude so that the medium becomes completely transparent [2] . On the other hand, relaxation can be slowed down by weakening the dipole-dipole coupling and thus increasing the spin decoherence time [7] [8] [9] . This offers new possibilities to separate overlapping spectra by enhancing magnetic resonance resolution.
The Rabi frequency associated with multiphoton transitions (henceforth called multiphoton effective field ) scales linearly with the microwave amplitude and intricately depends on the RF amplitude and frequency. The effective fields calculated by different methods [3, 6, 10] and determined from NMR [10] and EPR [3, 6] data are mutually consistent when the ratio between the microwave Rabi frequency ω 1 and the RF frequency ω rf is much smaller than unity and calculations can be reduced to first order in ω 1 / ω rf . As the microwave amplitude increases, the condition ω 1 / ω rf Ӷ 1 is violated and higher order perturbation terms must be taken into account. The multiphoton resonance frequency shifts by an amount of second order in the microwave amplitude (Bloch-Siegert shift), due to nonresonant RF absorption, and the third-order correction to the multiphoton field amplitude becomes important. Calculations of these effects based on different theoretical approaches lead to mathematically different expressions [3, 6] . To the best of our knowledge, strong microwave field effects have never been measured. Therefore, both experimental investigation and adequate theoretical treatment of higher order corrections remain challenging problems of interest not only for EPR and NMR studies, but also for nonlinear optics. This paper presents an experimental and theoretical study of the effective field for multiphoton transitions driven by a strong bichromatic field (with ( ω 1 / ω rf ≤ 0.43).
THEORY
The Hamiltonian of the electron (spin-1/2) system interacting with MW and RF fields linearly polarized parallel to the x and z axes, respectively, in a static magnetic field B 0 parallel to the z axis can be written as Here, ω 0 = γ B 0 is the resonant transition frequency between spin states; γ is the electron gyromagnetic ratio; ω 1 = γ B 1 and ω 2 = γ B 2 are the Rabi frequencies associated with the driving fields; and B 1 , B 2 , ω mw , ω rf , ϕ , and ψ are the MW and RF amplitudes, frequencies, and phases, respectively. When ω 1 / ω rf or ω 2 / ω rf is a small parameter, the time evolution of the spin system with Hamiltonian (1) can be described by a perturbation theory using the KrylovBogolyubov-Mitropolsky procedure of averaging over fast oscillations [11] .
In the canonical Krylov-Bogolyubov-Mitropolsky formalism [11] (see also [12] ), fast oscillating terms are eliminated from H 1 ( t ) in each order of perturbation theory in ω 1 / ω rf . The resulting effective Hamiltonian is independent of time, which simplifies analysis of evolution of the dynamical variables of the system. In particular, retaining the third-order terms in the interaction, we have the effective Hamiltonian (2) (3) (4) (5) where (6) and […, …] is a commutator.
We calculate H eff under the resonance condition (7) where r is an integer (positive or negative) number of RF photons (absorbed or emitted, respectively), δ is an off-resonance detuning ( δ Ӷ ω rf ), and ω 0 ӷ ω rf . Substituting expressions (1) and (6) into (3)- (5), we have (13) s ± = s x ± is y , the argument of the Bessel functions is z = 2ω 2 /ω rf , and the dependence on δt in H eff (r, δt) is due to the slowly varying factors exp(±iδt). These factors are eliminated by changing to a coordinate system rotating with frequency δ and using condition (7): (14) where Combining (8), (10), and (14), we find the effective field amplitude to third order in ω 1 /ω rf : (15) where (r) and (r) are given by expressions (11) and (12).
We note here that the expressions for and ∆ BS given, respectively, by Eqs. (18) 
